In addition to signaling through the classical tyrosine kinase pathway, recent studies indicate that insulin receptors (IRs) and insulinlike growth factor 1 (IGF1) receptors (IGF1Rs) can emit signals in the unoccupied state through some yet-to-be-defined noncanonical pathways. Here we show that cells lacking both IRs and IGF1Rs exhibit a major decrease in expression of multiple imprinted genes and microRNAs, which is partially mimicked by inactivation of IR alone in mouse embryonic fibroblasts or in vivo in brown fat in mice. This down-regulation is accompanied by changes in DNA methylation of differentially methylated regions related to these loci. Different from a loss of imprinting pattern, loss of IR and IGF1R causes down-regulated expression of both maternally and paternally expressed imprinted genes and microRNAs, including neighboring reciprocally imprinted genes. Thus, the unoccupied IR and IGF1R generate previously unidentified signals that control expression of imprinted genes and miRNAs through transcriptional mechanisms that are distinct from classical imprinting control.
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transcriptional control | diabetes | developmental control I nsulin and insulin-like growth factor 1 (IGF1) control many biological processes such as cellular metabolism, proliferation, differentiation, and apoptosis. These effects are mediated through ligand activation of the tyrosine kinase activity intrinsic to their receptors (1, 2) . We have recently shown that preadipocytes lacking both insulin receptors (IRs) and IGF1 receptors (IGF1Rs)-i.e., double-knockout (DKO) cells, which lack any evidence of classical insulin/IGF1 signaling as measured by Akt and MAP kinase activation-are resistant to apoptosis (3, 4) . This resistance is due to posttranscriptional regulation of key proapoptotic and antiapoptotic proteins and is not only independent of ligand binding, but is also independent of the kinase activity of the receptor, indicating that IR and IGF1R serve as both tyrosine kinase and dependence receptors (4, 5) .
Genomic imprinting is a key modulator of developmental and physiological processes in mammals (6) . Imprinting results in parental origin-specific gene expression and controls expression of a variety of genes often located in clusters, including proteincoding genes, retrotransposon-derived genes, and long noncoding RNAs (lncRNAs), as well as small-regulatory RNAs, such as microRNAs (miRNAs) and C/D-box small nucleolar RNAs (C/D snoRNAs) (7) (8) (9) . Imprinting in mouse is regulated by germ-linederived differential DNA methylation acting at specific CpG-rich DNA sequences. These differentially methylated regions (DMRs) or imprinting control regions (ICRs) can regulate monoallelic expression of upstream and downstream alleles through cis-acting mechanisms (10, 11) .
Imprinted genes play an important role in the control of growth and other processes, are widely expressed during prenatal development, and tend to be down-regulated after birth (6, 12) . The mechanisms through which imprinted genes control growth remain to be fully elucidated, although perturbations in imprinted gene dosage have recently been shown to alter the IGF1 signaling pathway (13, 14) . In humans, altered imprinted gene dosage plays a role in a number of well-studied disorders, including BeckwithWiedemann, Silver-Russell, Angelman, and Prader-Willi syndromes (15) (16) (17) .
In the present study, we have further investigated the effects of the unoccupied IR and IGF1R by analysis of miRNA and mRNA gene expression in cells lacking both IR and IGF1R-i.e., DKO cells. We find that DKO cells show a major decrease in expression of multiple paternally and maternally expressed imprinted miRNAs and mRNAs. This decrease is accompanied by increased methylation at some imprinted loci. In addition, we observed that mouse embryonic fibroblasts (MEFs) with homozygous or heterozygous inactivation of the IR gene show a similar and gene-dose-dependent down-regulation of imprinted miRNAs and mRNAs. A decrease in expression of imprinted genes is also observed in brown adipose tissue of mice with fat-specific IR deletion. Thus, loss of IRs and IGF1Rs in somatic cells induces a coordinated regulation of an imprinted gene network associated with changes in the epigenome, indicating a previously unrecognized effect of unoccupied IRs and IGF1Rs on the regulation of expression of imprinted genes and miRNAs.
Results and Discussion
To explore the role of unoccupied IRs and IGF1Rs on cellular function, we performed global mRNA and miRNA expression profiling in confluent control (WT) and IR/IGF1R DKO brown
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Freely available online through the PNAS open access option. preadipocyte cells in the presence or absence of FBS-i.e., under normal or proapoptotic conditions. Among 632 miRNA assessed by quantitative real-time PCR (real-time qPCR), 371 were detectable in WT cells, and the abundance of 134 of these was significantly different between WT and DKO cells. Among these, 45 miRNAs were significantly up-regulated between 1.4-and 4.4-fold in DKO cells compared with WT cells, whereas 89 miRNAs were significantly down-regulated in DKO cells (Fig. 1A) . This down-regulation of miRNAs in the DKO cells was observed in both the serum-fed and -starved conditions and was very striking, with differences in expression of 100-fold or more ( Fig. 1 A and  B) . The decrease in miRNA expression in DKO cells occurred without changes in enzymes or proteins playing a role in miRNA formation or maturation-including Dicer, Drosha, DGCR8, Exp-5, Ago2, TRBP, PACT, and DDX5-suggesting a decrease in expression of the primary miRNA transcripts rather than a change in miRNA processing (Fig. S1 ). Genomic analysis revealed that, whereas up-regulated miRNAs in the DKO cells were randomly distributed across the genome, 61 of the 89 down-regulated miRNAs resided in clusters on two chromosomes: 44 resided in a single cluster on mouse chromosome 12, and another 17 were in a cluster on chromosome 2 (Fig. 1B) . Both of these regions have been shown to be imprinted (18) (19) (20) (21) .
Microarray analysis of WT and DKO cells was also performed by using Affymetrix microarrays. Of the 20,530 probe sets detectable either in WT or DKO cells, 699 (3.4%) were significantly upregulated and 798 (3.9%) were significantly down-regulated more than twofold in DKO cells. When these data were subjected to gene set enrichment analysis (GSEA), 16 gene sets of 474 were significantly altered [false discovery rate (FDR) < 25%]. One of the highest rankings of these altered gene sets was the set of imprinted genes, which was significantly enriched in WT compared with DKO cells (nominal P < 0.001; FDR 0.225). Among the list of known imprinted genes represented on the microarray, 28 were detectable in either WT or DKO cells. Of these, only one, Zinc finger (CCCH type), RNA binding motif and serine/arginine rich 1 or Zrsr1, was significantly up-regulated in DKO cells (1.7-fold increase compared with WT cells), whereas 20 were down-regulated by 30% or more in DKO cells (Table S1 ). Several of these (Necdin, Igf2, Cdkn1c, Dlk1, and H19) were down-regulated by >98%. Although some of those genes are normally imprinted in a tissue-specific fashion, their coregulation in brown preadipocytes lacking IRs and IGF1Rs is indicative of a common mechanism of regulatory control, which is different from traditional imprinting control.
The decrease in expression of imprinted genes and miRNAs in the DKO cells was striking and involved genes on multiple chromosomes. The miRNA cluster on chromosome 12 is the largest known miRNA cluster in mammals and is part of a larger imprinted locus that includes the paternally expressed (maternally repressed) genes Dlk1, Rtl1, and Dio3 and the maternally expressed (paternally repressed) gene Meg3/Gtl2 and associated maternally expressed noncoding RNAs including the miRNAs (18, 19) . All imprinted genes in this locus were detectable by real-time qPCR to varying degrees in WT cells, but all were either markedly down-regulated (>100-fold) or undetectable in DKO cells, regardless of the presence or absence of serum (Fig. 2B) . Furthermore, down-regulation of genes in this locus occurred whether the genes were normally expressed from the paternal allele or the maternal allele ( Fig. 2A) . By contrast, genes directly upstream (Cyp46a1 and Wars) or downstream (Ppp2r5c and Bag5) of this imprinted locus showed no difference in expression between WT and DKO cells.
The miRNA cluster on mouse chromosome 2 is part of an intron of the imprinted gene Sfmbt2 (20, 21) (Fig. 3A) . Again, expression of all miRNAs in this cluster and Sfmbt2 mRNA were decreased in DKO cells-in this case by 70-80% compared with WT cells (Fig. 3B) . Likewise, the paternally expressed Igf2 gene and the maternally expressed lncRNA H19 on mouse chromosome 7 were easily detected in control cells, but virtually undetectable in DKO cells (Fig. 3C ). Expression of the imprinted genes Phlda2 on chromosome 7, Necdin on chromosome 7, Igf2r on chromosome 17, and Grb10 on chromosome 11 were also decreased between twofold and eightfold in DKO cells compared with WT cells. Despite these marked changes in many imprinted genes, not all imprinted genes were altered in DKO cells, with no significant differences in mRNA between WT and DKO cells for Airn (a noncoding RNA which regulates imprinting of Igf2r on chromosome 17) and Gnas (chromosome 2) (Fig. 3C) . Thus, DKO cells displayed decreased expression of multiple maternally and paternally expressed imprinted genes and miRNAs on several different chromosomes, indicating a broad-ranging dysregulation of imprinted gene expression in these cells.
To determine whether the change in expression of these imprinted genes was related to a loss of insulin or IGF1 signaling, WT brown preadipocytes and differentiated adipocytes derived from them were treated with 100 nM insulin or IGF1 for 30 min or 6 h. All imprinted genes tested that were decreased in the DKO cells were either unchanged by insulin/IGF1 stimulation or modestly decreased by agonist stimulation of WT cells. For example, Dio3 expression was decreased by 50% in preadipocytes or adipocytes treated with insulin or IGF1 for 6 h, whereas expression of Dlk1/Pref1, Igf2, and H19 was not regulated by insulin or IGF1 treatment at either time point (Fig. S2) . Thus, the downregulation of expression of imprinted genes observed in DKO cells was not simply due to a lack of positive regulation of these genes by insulin and IGF1. Furthermore, the changes observed in imprinted gene expression were not reversed in DKO cells reexpressing either the IR or IGF1R or both (Fig. S3) , suggesting a stable and heritable maintenance of the effect specifically at imprinted genes in DKO cells that was initiated by the absence of the receptors in the DKO cells.
To determine whether this regulation of expression of imprinted genes was cell-type-specific, we used mouse embryonic fibroblasts (MEFs) from IRlox/CreERT2 mice in which the IR gene could be disrupted in vitro by treating the cells with tamoxifen. A similar qPCR-based miRNA expression profile in control MEFs or IR heterozygous or homozygous KO (IRKO MEF +/− or MEF −/− ) cells was then performed. In this model, miRNAs from the imprinted cluster on chromosome 2 were expressed in control MEFs and were significantly decreased 50-80% in homozygous IRKO MEFs and by 25-50% in the heterozygous IRKO MEFs (Fig. 4A) , suggesting a dose-dependent effect of the extent of disruption of the IR on the regulation of these imprinted miRNAs. Whereas the miRNAs from the imprinted cluster on chromosome 12 were not expressed at a detectable level in either control or IRKO MEFs, expression of Dio3, also on chromosome 12, was decreased by 45% (Fig. 4B) . Likewise, expression of Grb10 on chromosome 11 and Igf2r on chromosome 17 was decreased in homozygous IRKO MEFs by 90% and 95%, respectively, compared with control cells. Thus, MEFs lacking the IR show similar, but somewhat less marked, changes in expression of imprinted genes as the DKO preadipocytes. A similar decrease in expression of imprinted genes was also observed in vivo in brown adipose tissue of mice with genetic inactivation of the IR gene [fat-specific IRKO (FIRKO) mice]. Expression of Gtl2, Igf2, Sfmbt2, Necdin, p57, and Zac1 was significantly decreased between 30% and 50% in FIRKO brown fat (Fig. 4C) .
Imprinted genes are regulated at two levels: first, like all other genes, through the direct effects of transcription factors; and second, through imprinting control that confers monoallelic expression in a parental origin-specific manner. Factors mediating imprinting control include expression of regulatory lncRNAs that impact the expression of protein-coding genes in cis or blocking of enhancer elements by CCCTC-binding factor (CTCF) insulators (22) . Because both maternally and paternally expressed imprinted genes within the same cluster showed coordinated rather than reciprocal changes in gene expression, we postulated that the deregulation was not associated with perturbed imprinting control.
In some instances, imprinted lncRNAs serve as host transcripts for antisense transacting short RNAs such as siRNAs, miRNAs, or snoRNAs (13, (23) (24) (25) . Three lncRNAs were measured in this study-namely, Gtl2, H19, and Airn. Both Gtl2 and H19 were expressed in WT cells, but undetectable in DKO cells, making it unlikely that these noncoding RNAs have a role in the regulation of potential trans targets. Airn lncRNA, with expression required for repression of Igf2r on the paternal chromosome (26) , was unaffected in the DKO cells, despite Igf2r being down-regulated, again confirming repression in an imprinting-independent manner.
CTCF is a highly conserved zinc finger protein that plays a role in transcriptional activation/repression, insulation, imprinting, and X chromosome inactivation (27, 28) . CTCF expression was
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Ch.11 not different between WT and DKO cells (Fig. S4 ). Ezh1 and Ezh2 are Polycomb-group family members, which form multimeric protein complexes involved in maintaining the transcriptional repressive state of genes. They act mainly to maintain gene silencing by trimethylating histone H3 at lysine 27 (29) (30) (31) . Again, no change in expression of Ezh1 and Ezh2 was observed in DKO cells (Fig. S4) . Zinc finger protein 57 homolog (ZFP57) and its cofactor KAP1 regulate imprints with loss of ZFP57 affecting the maintenance of their DNA methylation (32) . ZFP57 expression was similar between WT and DKO cells, but KAP1 was down-regulated threefold in DKO cells (Fig. S4 ). This difference between KAP1 and ZFP57 expression is again consistent with dysregulation at the transcriptional level rather than at the level of imprinting. The transcription factor Zac1 has been shown to regulate a large imprinted gene network, including Igf2, H19, Cdkn1c, and Dlk1. Zac1 directly regulates the Igf2/H19 locus through binding to a shared enhancer and transactivating Igf2 and H19 promoters (33) . Zac1 inactivation in mice results in intrauterine growth restriction, altered bone formation, and neonatal lethality (33) . Transient overexpression of Zac1 in neural crest-derived cells leads to the potent induction of several imprinted genes, whereas expression of these genes is decreased in livers from Zac1-deficient embryos. In DKO cells, Zac1 expression was decreased by 80% compared with WT cells (Fig. S5A) . Furthermore, p21, a downstream target of Zac1 (34), was decreased fivefold at the mRNA level (Fig. S5A ) and more than fivefold at the protein level in DKO cells compared with WT cells (Fig.  S5B) . However, reexpression of Zac1 in DKO cells only partially restored expression of some imprinted genes, with nonsignificant twofold to fivefold increases in expression of Gtl2, IGF2, and H19, and a significant 10-fold increase in Dlk1 (Fig. S5C) . These findings indicate that the decrease in Zac1 is not the major cause of the general decrease in expression of imprinted genes observed in DKO cells.
DNA methylation is an important regulator of imprinted genes (35) . Imprinting in clusters is regulated by parental originspecific germ-line DNA methylation at ICRs and sometimes at secondary DMRs acquired after fertilization in response to methylation at the ICR. DNA methylation at DMRs in the Dlk1-Dio3 locus includes the Gtl2 DMR that spans the Gtl2 promoter and its first exon and intron, the intergenic DMR (IG-DMR), which is located 13 kb upstream of the Gtl2 promoter, and the Dlk1 DMR which overlaps intron 4 and exon 5 of Dlk1 (36) (Fig. 5A) . Quantitative pyrosequencing revealed a high level of methylation in both control and DKO cells at multiple sites in the IG-DMR, but those sites, which were not almost completely methylated in the WT cells (p6 and p7), showed increased methylation in DKO cells (Fig. 5A) . Increased methylation was also observed at the Gtl2 promoter in DKO cells compared with WT cells, as measured by Southern blotting after digestion with methylation-sensitive restriction enzymes, and quantitative pyrosequencing (Fig. 5B) . Similarly, methylation at the H19 differentially methylated domain (H19 DMD) or IC1, as measured by quantitative pyrosequencing, increased from 50% in WT cells to almost 100% in DKO cells at all sites tested (Fig. 5C ). The Snrpn and Nnat promoters were also hypermethylated in DKO cells compared with control cells, consistent with the decreased expression of Necdin and Nnat, respectively ( Fig. 5D and Fig. S6A) . Interestingly, the Kcnq1ot1 promoter/IC2 and the Zrsr1 promoter were hypomethylated in DKO cells, consistent with the decreased expression of Cdkn1c and the increased expression of Zrsr1 (Fig. 5E, Fig. S6B , and Table S1 ). Thus, the marked decrease-or in some cases virtual absence-of expression of multiple imprinted mRNAs and miRNAs in DKO cells was associated with changes in regional DNA methylation. This decrease occurred without changes in expression of the de novo DNA methyltransferases Dnmt3a and Dnmt3b or the maintenance DNA methyl transferase Dnmt1 in DKO cells (Fig. S7) . It is important to recall that methylation at the IG-DMR and the H19 DMD results in repression of Gtl2 and H19 and is normally associated with activation of the reciprocally imprinted Dlk1 and Igf2 loci (11) . Similarly, decreased methylation of the Kcnq1ot1 promoter/IC2 is normally associated with an increase in Kcnq1ot1. The changes in methylation observed in the DKO cells, however, are associated with a generalized transcriptional repression rather than a classical canonical change in imprinting status, indicating that this repression is the result of a different and unique mechanism of action of transcriptional control.
Treatment of cells with the DNA methyltransferase inhibitor 5-azacytidine (5Aza), alone or in combination with histone deacetylase inhibitor trichostatin A (TSA), results in reactivation of epigenetically repressed genes (37) . The 5Aza treatment of WT cells for 6 d induced a modest increase in expression of imprinted genes Dio3, Gtl2, and Sfmbt2 (Fig. S8) . This increase was further enhanced by the addition of TSA for the last 18 h of 5Aza treatment. More importantly, treatment of DKO cells with 5Aza restored expression of Dlk1, H19, Dio3, Gtl2, and Sfmbt2 to levels comparable to those of WT cells, and treatment with TSA further increased these mRNA levels ( Fig. 5F and Fig. S8 ), suggesting that repression of the imprinted genes in DKO cells is directly or indirectly related to increased DNA methylation, with or without some increase in histone deacetylation. However, the already-high level of methylation present in WT cells at some loci, and the relatively modest increase in methylation in DKO cells at other loci, suggest that additional mechanisms play a role in the decrease in expression of imprinted genes observed in DKO cells or that normal imprinted methylation may have been affected by cell culture conditions. Together, our results show that loss of IRs and IGF1Rs in somatic cells leads to coordinated transcriptional down-regulation of multiple imprinted genes. This finding is distinct from canonical imprinting regulation in that perturbed imprinting control should lead to down-regulation of some imprinted genes with a reciprocal up-regulation of others. This result was not observed in our model. This previously unidentified pathway of regulation appears to be stably maintained, at least in part, by changes in DNA methylation.
Imprinted genes are generally dosage-sensitive, and their appropriate expression is important for normal development and physiological responses, including those associated with growth and involving insulin and IGF1 signaling (13, 14, 38) . Our observation points to a role of the unoccupied IRs and IGF1Rs in the coordinate control of multiple imprinted genes. Interestingly, it has recently been reported that pancreatic islets from patients with type 2 diabetes also have markedly reduced expression of the miRNAs in the Dlk1-Dio3 gene cluster (39) . Clearly, further study of this unique role of IRs/IGF1Rs in the regulation of imprinted gene expression will be needed to fully elucidate its molecular mechanism and its relationship to normal physiology and disease.
Materials and Methods
Generation and Culture Conditions of Brown Preadipocytes. DKO brown preadipocyte cell lines were generated from immortalized IR and IGF1R floxed brown preadipocytes infected with an adenovirus encoding Cre recombinase as described (3) . Control cells used in the study were either immortalized WT or brown preadipocytes with floxed IR and IGF1R alleles. Results from the different control cell lines were pooled because no difference in miRNA and mRNA expression was noted and are referred to as WT. Cells were maintained in DMEM (high glucose) containing 10% (vol/vol) FCS at 37°C in a 5% CO 2 environment. For the gene expression study in adipocytes, control cells were differentiated as described (3).
Generation and Culture Conditions of MEFs. The IRKO MEFs were obtained as described (40) . Briefly, pregnant female mice from breeding pairs of mice heterozygous for the IRloxP mutation and heterozygous for the tamoxifeninducible Cre recombinase were killed at day 16.5 postconception. Isolation and cultivation of the MEFs was carried out and the genotypes of the embryos were determined by PCR. For the induction of recombination, IR +/− or IR −/− fibroblasts were exposed to tamoxifen (Sigma-Aldrich) at a concentration of 1 μM for 7 d. All cells were maintained and analyzed in DMEM (Sigma-Aldrich) containing 10 mM D-glucose and 10% (vol/vol) FBS (Biochrom AG). MEFs were cultured at 37°C in a humidified atmosphere of 5% CO 2 .
FIRKO Mice. Homozygous FIRKO mice were generated as described by breeding IRlox/lox mice with mice expressing the Cre recombinase under the control of the adipose tissue-specific aP2 promoter (41) . The mice were kept on a regular chow diet. All protocols were approved by the Institutional Animal Care and Use Committee of the Joslin Diabetes Center.
Zac1 Overexpression. Stable overexpression of Zac1 was achieved by introducing murine Zac1 cDNA (Mm30411, GeneCopoeia) into the pBabe retrovirus vector. Plates (10 cm) of phoenix cells were transiently transfected with 10 μg of control (empty pBabe vector) or Zac1-containing retroviral expression vectors (SuperFect; Qiagen). At 48 h after transfection, virus-containing medium was collected and passed through a 0.45-mm pore-size filter. An equal volume of fresh growth medium and Polybrene (hexadimethrine bromide; 12 mg/mL) were added to the virus-loaded medium. This medium was then applied to proliferating (∼40% confluent) DKO cells. At 48 h after infection, cells were treated with trypsin and replated in medium supplemented with zeocin (Invitrogen) as a selection antibiotic.
Quantification of mRNA and miRNA Expression by qPCR. Total RNA was extracted from cells by using TRIzol reagent (Invitrogen). A total of 1 μg of RNA was reverse-transcribed with a high-capacity cDNA reverse-transcription kit (Applied Biosystems). Synthesis of stem-loop miRNA cDNAs was achieved by addition of specific miRNA hairpin reverse transcription primers to the reverse transcriptase reaction as described (42) . Real-time PCR was performed starting with 12.5 ng of cDNA and both sense and antisense oligonucleotides (300 nM each) in a final volume of 10 μL with the iQ SYBR Green Supermix (Bio-Rad). Fluorescence was monitored and analyzed in a CFX384 Real-Time PCR Detection System (BioRad). Amplification of specific transcripts was confirmed by analyzing melting curve profiles at the end of each PCR. Analysis of TATA box-binding protein expression was performed in parallel to normalize gene expression.
miRNA qPCR Array. QuantiMir Genome-Wide PCR Arrays (System Biosciences) were used to assess the expression profile of 632 mouse miRNAs. The method is based on SYBR-Green real-time PCR quantitation, which provides a highly sensitive and quantitative approach for measuring the full repertoire of biologically validated miRNAs. Briefly, small RNAs in the sample of total RNA isolated from cultured cells were tagged at the 3′ end and extended to generate detectable cDNAs for qPCR. The quantitation step was based on the SYBR-Green real-time qPCR protocol as described above, using primers provided by the manufacturer. The miRNA was considered expressed when the Ct values of the samples was <30.
Microarray Analysis. A total of 15 μg of cRNA from five WT and five DKO samples were hybridized to murine Affymetrix U74Av.2 arrays. Target preparation, hybridization, and scanning were performed in the Joslin Diabetes Center Genomics Core. Signal intensities were quantitated by using GeneChip Operating Software. Global scaling was used to standardize signal intensities. GSEA was performed by using GSEA software (www.broad.mit. edu/gsea) to identify differentially expressed gene sets. 
